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ABSTRACT

Electron Beam Powder Bed Fusion (EB-PBF) is an additive manufacturing process that
allows for the fabrication of nearly fully dense Alloy 625 parts. In this study EB-PBF Alloy 625
samples were fabricated in an Arcam A2X, heat-treated, then machined and tensile tested.
Preliminary process tests varying focus offset, and speed function were conducted to establish
baseline process parameter conditions to fabricate Alloy 625 parts based on surface finish and
structural defects. The microstructure observed in EB-PBF Alloy 625 parts along the build
direction in the as-built state consists of irregularly sized columnar grains averaging 105 μm in
width that have formed parallel to the build direction and contain γ’’ Ni3Nb columnar precipitates.
Mechanical properties and microstructures of as-built and heat-treated tensile coupons
printed vertically and horizontally were compared. A higher yield strength of 0.387 GPa was
observed on as-built horizontally printed parts compared to the vertically printed parts, which
produced a yield strength of 0.365 GPa. The presence of anisotropic mechanical properties of parts
in the as-built state is attributed to the process-induced columnar microstructure and fusion
between layers.
The proposed heat treatment resulted in parts with a relative skeletal density of 99.99%,
and a major reduction in internal porosity of approximately 90% %, from 0.52 % to 0.05%, when
compared to the as-built parts. Moreover, the heat treatment dissolved the γ’’ columnar precipitates
and recrystallized the columnar grains into an equiaxed NiCr grain structure with annealing twins
in both horizontal and vertical planes. This led to an increase in percent elongation by ~20%,
resulting in 69% elongation at fracture. The optimization of process parameters in combination
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with the proposed heat treatment allowed for defect reduction and microstructure uniformity in
EB-PBF Alloy 625 printed parts, which are of value for end-use application.
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CHAPTER 1: INTRODUCTION

Alloy 625 is a highly alloyed nickel-base alloy that provides strength and corrosion
resistance in a variety of environments [1]. Its wide use in the aerospace, marine, chemical, and
petrochemical applications is due to a good combination of yield strength, creep strength, excellent
fabricability, weldability, and good resistance to high-temperature corrosion [2]. The high content
of Cr and Mo provides good corrosion resistance, while Fe and Nb provide solid solution
strengthening.
Additive manufacturing is the process in which parts are fabricated in a layer-by-layer
format. Freedom of design, rapid prototyping, mass customization, fabrication of complex
geometries, and part count consolidation are some of the benefits that additive manufacturing
provides [3]. As per ISO/ASTM 52900, powder bed fusion (PBF) is a process category in which
thermal energy, delivered by a laser or electron beam, selectively fuses regions of a powder bed.
In the EB-PBF systems, the energy source is an electron beam generated by thermionic emission
from a tungsten filament. Metallic materials that are commonly fabricated using EB-PBF systems
include Ti-6Al-4V, titanium aluminide (TiAl), nickel alloys, high alloy tool steels, stainless steels,
cobalt-chrome alloys (CoCr), and copper [4].
Alloy 625 is a good candidate to be manufactured by Electron Beam Powder Bed Fusion
(EB-PBF), reaching nearly fully dense parts (≈99.5%) in previous studies [5][6]. The fabrication
of Alloy 625 through Electron Beam Powder Bed Fusion (EB-PBF) additive manufacturing has
not been extensively reported in the literature. Therefore, this project serves the purpose of
enriching the information on the additive manufacturing, microstructure, and mechanical
performance of EB-PBF fabricated Alloy 625.
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Firstly, printing process parameters were developed to build Alloy 625 through EB-PBF
by varying speed function (a measure of the beam scan speed), focus offset (a measure of the beam
spot size), and observing surface finish, part skeletal density, and part internal porosity to achieve
nearly fully dense parts. The hardness and tensile strength of additively manufactured Alloy 625
have been reported to exceed those of wrought parts, but their ductility is low [7]. Therefore,
printed tensile specimens were heat-treated to enhance part density, homogenize the
microstructure, and increase the ductility of the printed specimens. This heat treatment involved
stress relieving, hot isostatic pressing (HIP), and solution treatment. Murr et al. reported that a hot
isostatic pressing heat treatment dissolved the columnar precipitates observed in the as-built form
of EB-PBF Alloy 625 parts and recrystallized the columnar grains into a nearly equiaxed grain
structure. This change in the microstructure induced an increase in elongation, but a reduction in
hardness and tensile strength [6]. Finally, mechanical properties and microstructure of the printed
Alloy 625 parts were analyzed in terms of build direction (horizontal vs. vertical) and condition
(as-built vs. heat-treated).

1.1 Motivation
To report successful fabrication of Alloy 625 and analyze the mechanical behavior of
printed parts subjected to stress-relieving, HIP, and solution heat treatment. Expand on machine
set-up and parameter development for fabrication of Alloy 625 on EB-FPBF systems.

1.2 Thesis Objectives
•

Derive process parameters leading to a nearly fully dense part and smooth top part surface
finish avoiding visible over-melting or porosity.
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•

Characterize as fabricated and heat-treated Alloy 625 microstructures, and mechanical
properties (yield strength, ultimate tensile strength, elongation, modulus of elasticity, and
hardness).

•

Compare the mechanical properties and microstructures of as-built and heat-treated tensile
coupons printed vertically and horizontally.
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CHAPTER 2: LITERATURE REVIEW

Additive manufacturing (AM) is the process by which an object is built layer-by-layer
directly from digital data created using computer-aided design. Additive manufacturing divides
into seven process categories depending on the method employed to join the layers of material
together. According to ISO/ASTM 52900, these seven process categories are: binder jetting,
directed energy deposition, material extrusion, material jetting, sheet lamination, vat
photopolymerization, and powder bed fusion [8].

2.1 Binder Jetting
As per ISO/ASTM 52900, binder jetting is an additive manufacturing process in which a
liquid bonding agent is selectively deposited to join powder materials. Binder jetting was first
invented by Sachs et al. in 1989 at the Massachusetts Institute of Technology [9][10]. In this
process, an inkjet print head is used to deposit the liquid bonding agent over a thin layer of powder
to form the desired pattern per layer. Then, the build platform is lowered, and a new layer of
powder is spread on top of the glued pattern with the use of a roller or blade [11]. The process is
repeated until the 3D part is produced. A schematic of the binder jetting process is shown in Figure
1. The produced part is then cured or “dried” to harden the material and allow the removal of
excess powder [12]. The glued part, often called “green body” is taken through a sintering cycle
to burn off the polymer binder and sinter metal particles together, which results in part shrinkage
[13]. Finally, to improve density and strength, the part may be infiltrated with a lower-melting
point metal as in [14].
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Figure 1. Schematic of binder jetting three-dimensional printing technology [13].

2.2 Directed Energy Deposition
As per ISO/ASTM 52900, directed energy deposition (DED) is an additive manufacturing
in which focused thermal energy is used to fuse materials by melting as they are being deposited.
In these systems, the energy source can be a laser, electron beam, or plasma arc; and the feedstock
material used may also vary among metal powder or wire [15]. Some common metals that have
been printed with this technology include titanium, aluminum, stainless steel, and copper [16][17].
Figure 2 shows the schematics of two directed energy deposition (DED) systems; (A) uses a laser
as the energy source and powder feedstock and (B) uses an electron beam as the energy source and
wire feedstock [15]. Electron beam DED systems require a vacuum-controlled environment, while
laser DED systems employ other methods to introduce a shielding inert gas blown together with
the powder feedstock [15][18]. Additionally, it has been reported that powder DED systems may
use multiple nozzles to eject metal powders, which allows the user to mix different materials and
produce functionally graded materials [15][19][20][21]. Moreover, this technology is often used
to repair or add material to existing parts [16][22].
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Figure 2. Schematics of two DED systems (A) uses laser together with powder feedstock and (B)
uses electron beam and wire feedstock [15].

2.3 Material Extrusion
As per ISO/ASTM 52900, material extrusion is an additive manufacturing process in which
material is selectively dispensed through a nozzle or orifice. Material extrusion is a common
technology used to print thermoplastics, whose applications vary from recreational prints,
engineering prototypes, and functional parts and systems [23]. Some examples of thermoplastics
that can be used in this process include acrylonitrile butadiene styrene, polylactic acid,
polycarbonate, thermoplastic polyurethane, and aliphatic polyamides (nylon) [11]. The common
setup of a material extrusion printer includes a liquefier head, extrusion nozzles, and a build
platform as shown in Figure 3. In summary, the heated material is fed in the extrusion nozzle and
deposited on the build platform layer by layer. Usually, during this layer-by-layer process, the
build platform moves vertically, while the extrusion head moves in x-y directions [24][11]. One
important observation in this process is that the filament deposition pattern per layer and part
6

orientation are both important factors for the mechanical performance of printed parts as
previously studied in [25][26][27][28][29].

Figure 3. Schematic of the material extrusion process [11].

2.4 Material Jetting
As per ISO/ASTM 52900, material jetting is an additive manufacturing process in which
droplets of build material are selectively deposited. This technology was developed by Objet
Geometries in 2000, and it was acquired by Stratasys in 2012 [30][31]. A common schematic for
the material jetting process is shown in Figure 4, which includes components such as print heads,
ultraviolet (UV) curing lamp, leveling blade, and a moving platform. Once the photopolymer
material is selectively deposited, UV light is emitted onto the molten material for curing [30][32].
The UV light source used in material jetting printers has a wavelength range of 190-400 nm
[32][33][34]. After curing each layer, the platform is lowered by a previously established layer
thickness, and a new layer of material is jetted onto the previous layer. This process is repeated
until a 3D part is complete. Overhanging features require the use of support structures, which can
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be subsequently removed through sonication, heating, or with the use of a high-pressure water jet
[30][35].

Figure 4. Schematic of the material jetting process [30].

2.5 Sheet Lamination
As per ISO/ASTM 52900, sheet lamination is an additive manufacturing process in which
sheets of material are bonded to form an object. This technology was first developed by Helysis
Inc. [36]. A common setup in a sheet lamination process includes a sheet of paper coated with a
thermoplastic adhesive, which is then bonded to the previous layer with the use of a heated roller.
Subsequently, a CO2 laser cuts the desired pattern, and this process repeats until the 3D part is
complete [37]. A schematic of the described process is shown in Figure 5. In other variations of
the sheet lamination process metallic sheets are used as feedstock material and they are stacked
together by employing an ultrasonic or laser localized energy source [13][38]. A technique called
ultrasonic additive manufacturing (UAM) or ultrasonic consolidation (UC) consists of applying an
ultrasonic wave and mechanical pressure on pre-cut sheet metal attacks at room temperature,
which bonds the layers by diffusion [39][40].
8

Figure 5. Schematic of sheet lamination process [37].

2.6 Vat Photopolymerization
As per ISO/ASTM 52900, vat photopolymerization is an additive manufacturing process
in which liquid photopolymer in a vat is selectively cured by light-activated polymerization. The
polymerization process consists of using visible or ultraviolet (UV) light to cure a photopolymer
material stored in a vat layer by layer [41]. The curing light initiates the polymerization reaction
by forming chains of polymers to form a solid resin, which cannot return to liquid form
[41][42][43][44][45]. As mentioned in Pagac et al. [41] vat photopolymerization is classified in
different categories depending on the energy source used to cure the photopolymers. For example,
stereolithography (SLA) uses lasers, and digital light processing (DLP) utilizes a digital light
projector [46][47]. The common setup of an SLA machine is shown in Figure 6.
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Figure 6. Components of a typical SLA machine: (1) printed part, (2) liquid resin, (3) building
platform, (4) UV laser source, (5) XY scanning mirror, (6) laser beam, (7) resin tank, (8)
window, and (9) layer-by-layer elevation [41].

2.7 Powder Bed Fusion
As per ISO/ASTM 52900, powder bed fusion (PBF) is a process category in which thermal
energy, delivered by a laser or electron beam, selectively fuses regions of a powder bed. The focus
of this literature review is Electron Beam Powder Bed Fusion (EB-PBF), more commonly known
as Electron Beam Melting (EBM). The EB-PBF process was invented in Sweden by Arcam AB,
and was commercialized in 1997 [48]. Figure 7 portrays a schematic of an EB-PBF system. An
overview of the system including energy source, feedstock materials, build environment, build
mechanism steps (powder deposition, preheating, selective melting), and EB-PBF process chain is
discussed in the following paragraphs.
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Figure 7. Electron Beam Melting (EBM) Mechanism (source www.arcam.com) on the left and
3D schematic of an Arcam A2X EB-PBF machine [49].

2.7.1 Electron Beam Powder Bed Fusion (EB-PBF): EB-PBF Process Characteristics, EBPBF Workflow & Machine Operation Review
Energy Source and Build Environment
In the EB-PBF systems, the energy source is an electron beam that is usually generated by
thermionic emission from a tungsten filament. The beam power in current commercially available
EB-PBF systems ranges from 3.0 kW to 6.0 kW. The electron beam is controlled and directed with
the use of magnetic lenses providing a beam velocity of up to 8000 mm/s. A controlled vacuum
11

environment is maintained throughout the printing process at a partial vacuum of ≈ 2E-3 mbar by
a constant bleed of helium. Besides helping maintain the controlled vacuum, helium gas is
employed to maintain a low oxygen environment and prevent electrostatic charging of the powder
material throughout the print. The achieved vacuum helps to maintain the desired chemical
composition of the printed material and avoid high-temperature oxidation. This is a suitable
environment for highly reactive materials such as titanium alloys, which have a high affinity for
oxygen [4][50]. Moreover, the layer preheating and the high-temperature build environment
reduce residual stresses in the final printed component [51]. The Arcam A2X EBM system, which
was used for the fabrication of Alloy 625 parts evaluated in this document, has a maximum build
volume of 200 x 200 x 380 mm and is capable of a high material deposition rate of up to 120 cm3/h
depending on the material.

Feedstock Materials
Only conductive materials can be printed in EB-PBF since it is essential to dissipate the
electrical charge provided by the electron beam. The recommended particle size for feedstocks
used in EB-PBF is 45-105 μm. In addition, the morphology of powders has a great impact on
process stability, therefore, spherical powders are preferred due to their high flowability when
compared to other powder materials [4]. Spherical powders can be produced through plasma and
gas atomization [52][53]. ASTM F3049-14, Standard Guide for Characterizing Properties of Metal
Powders Used for Additive Manufacturing Processes [54], can be referenced for characterization
methods used with metal powders in AM. Testing methods include

sieving, particle size

distribution, morphology characterization, chemical composition, flow characteristics (ASTM
F3049-14 [55]), and density (ASTM B212-21 [56]).
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EB-PBF Process Chain
1. File Preparation
The desired computer-aided design (CAD) model must be exported as a Standard
Tessellation Language (STL) file. An STL file describes a 3D model in the form of triangulated
surfaces by a unit normal and vertices in a 3D cartesian coordinate system [57]. The STL file is
then imported into a pre-processing software such as Materialise Magics. This pre-processing
software will allow the user to distribute and orient a model within the designated build envelope,
apply scaling factors, and generate support structures. Once supports are created, the STL file must
be sliced with the use of the manufacturer’s software (e.g., Arcam Build Assembler) where the
user can establish other parameters such as the substrate size and build layer height. Section 8 of
the Arcam A2X Operations Manual [58] includes a complete guide on creating a build file using
Arcam Build Assembler.

2. Powder Preparation
The powder material must be sieved and characterized prior to a new powder batch print.
The powder material is recommended to be sieved with a 150 μm mesh before loading it for a new
build. This allows the user to get rid of contaminants and agglomerates formed within the powder
during the previous build. As mentioned in the Feedstock Materials section of this document,
powder characterization procedures are listed in ASTM F3049-14 [54]. Two important powder
characterization aspects are morphology and size distribution, these play an important role in the
quality of the print [59]. EB-PBF system manufacturer Arcam AB recommends spherical powders
and a particle size distribution of 45-105 μm. The as-received powder characterization can later be
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compared to that of re-used powder to evaluate the change in powder chemistry and morphology
as done in [59].

3. Machine Setup
Starting from a finished print, first, the chamber must be ventilated to ambient pressure.
After ventilation, the door can be opened, and the build chamber can be accessed. Below is a list
of steps that must be followed prior to initiating a print with an EB-PBF Arcam AB system. The
list is derived from Arcam A2X and Q10 Operations Manuals [58],[60]. The system used for the
fabrication of Alloy 625 was Arcam A2X.

Removing powder and metallization formed during previous print.
Recollection of excess powder from the system can be done with the use of a grounded and
explosion-proof vacuum cleaner. The collected powder can be sieved and re-utilized a certain
number of times, depending on application requirements. Metallization occurs as the precursor
powder is melted, causing some of the alloying elements to vaporize and adhere to the surrounding
chamber surfaces [61]. According to Arcam A2X Operations Manual, it is important to remove
metallization between every build to avoid an increased risk of arc trips, build failure, and lowered
lifetime of the cathode [58].
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Figure 8. Arcam build chamber removable parts according to Arcam Q10 and A2X Operations
Manual. (1) Front plate, (2) Powder hoppers, (3) Rake flaps, (4) Heat shield [58][60].

Metallization forms on surfaces of the build chamber including heat shields, hoppers, and
other protecting structures such as flaps. It can be removed by abrasive tools including sandpaper.
Moreover, if the user plans to change powder material, the entire system must be thoroughly
cleaned involving multiple vacuuming and wiping iterations using alcohol-damped, lint-free
towels. Section 9.3.2 in the Arcam A2X Operations Manual is dedicated to removing metallization
between builds including the parts that are usually metalized after a build, recommended cleaning
utensils, and instructions [58]. Figure 9 shows some before and after cleaning pictures of metalized
chamber components.
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Figure 9. EBM metallization. Red: top image shows two surfaces around the beam column with
metallization; the bottom image shows the surfaces post cleaning. Yellow: the right image shows
flaps with metallization; right image shows flaps post fine grinding [58].

Loading powder dispatch hoppers with sieved powder.
As received and reused powder must be sieved before replenishing powder hoppers. Once
the powder is loaded on dispatch hoppers, the user may remove hopper gates to start constructing
an even powder bed, as illustrated in Figure 10 below.
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Figure 10. Removing hopper gates as per Aram A2X Operations Manual [58].

Placing substrate plate on the powder bed.
Substrate plate surface must be faced (machined) and thoroughly cleaned with isopropyl
alcohol before use. This substrate plate serves as the build platform and must be made of a material
that is compatible with the build material. The user must identify the center of the plate by marking
an “X” for proper manual beam alignment. Position the start plate on the powder bed, in the center
of the build tank with a separation of approximately 5 mm as shown in Figure 11 below.

Figure 11. Schematic of manually centered plate according to Arcam A2X Operations Manual
[58].
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Then, the user must level the plate using the manual controls to control the positions of the
rake and the table. The plate is usually raised in small increments and the rake is moved across the
plate to locate tilting of the plate. Tilting is corrected with small taps using a plastic mallet. This
process can be repeated multiple times until an even surface is achieved, as shown in Figure 12.
Once the plate is leveled, the next step is to lower the platform to account for thermal expansion
during the pre-heat step. The distance the plate is lowered depends on the material to be processed
and the temperature of the preheat, but usually involves a downward displacement of 0.4 to 0.6
mm. Finally, the user should check for continuity (grounding) of the plate using a multimeter. The
continuity should be checked by probing the exposed surface of the leveled plate, against the
grounding cable attached from the tank to the chamber wall.

Figure 12. Centered and leveled substrate plate on an even powder bed.

Adjusting rake positions.
The user must inspect the condition of rake arm blades and adjust rake positions. According
to the Arcam A2X Operations Manual, the outermost positions determine how far the rake can go
without crashing into the back wall of the powder hoppers. As per section 7.4 of the Arcam A2X
18

Operations Manual, at the outermost position, there must be a gap of 6 mm between the back wall
and the rake arm (shown in Figure 13) [58]. Depending on the Arcam machine model, the
calibrated outermost position can differ.

Figure 13. Outermost rake position calibration according to Arcam A2X Operations Manual
[58].

According to the Arcam A2X Operations Manual, the rest positions determine a protected
position for the rake during a build. As per section 7.5 of the Arcam A2X Operations Manual, at
the rest position, there must be a gap of 3 mm between the rake arm and flap as shown in Figure
14 [58]. Manufacturer’s note: “If the chamber interior (such as rake chain, rake system, powder
basin or build tank/build table) is adjusted or replaced, the outermost and rest positions have to be
verified again” [58].
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Figure 14. Rest rake position calibration on the right and rake flap representation on the left
according to Arcam A2X Operations Manual [58].

Setting both outermost and rest positions contribute to symmetric powder distribution
during a build. Moreover, initial fetch rake positions ensure continuous powder pick up during a
build and must be adjusted according to powder batch density and flowability. According to Arcam
A2X Operations Manual, the machine will automatically regulate fetch positions during the build
according to powder sensor pulses once an initial fetch position is calibrated. As per section 7.7.3.1
of the Arcam A2X Operations Manual, at the initial fetch position, the correct volume of powder
flowing under the rake should be approximately the same volume as a “pencil” or a pile of powder
6 to 8 mm high [58]. Figure 15 shows a schematic of this. Please reference the Arcam Operations
Manual for a detailed description of the process to adjust rake position in the user interface.

Figure 15. Initial fetch position calibration according to Arcam A2X Operations Manual [58].

Calibrating powder dispatch sensors, temperature readings, and monitoring tungsten filament life.
According to Arcam A2X Operations Manual, the distance between the powder sensor and
the powder trigger (shown in Figure 16) must be checked every fifth build, and if needed, cleaned
according to Section 9.3.2.4.2. As per Section 7.2 of the Arcam A2X Operations Manual, a 2.5
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mm Allen key can be used to check the required distance (2.5 mm ±0.2) between powder trigger
and powder sensor as shown in Figure 16 [58]. For a complete guide on powder sensor calibration
please refer to Arcam Operations Manual.

Figure 16. Left: required distance between powder trigger (1) and powder sensor (2) according to
Arcam A2X Operations Manual. Right: using a 2.5 mm hex key to calibrate powder sensor [58].

The properly installed thermocouple and ground cable must be in contact with the substrate
plate. Make sure the thermocouple is working. An easy way of doing this is by grabbing the tip
with your fingers, this will induce a slight increase in temperature. In addition, check for continuity
and low resistance on ground connection with the help of a voltmeter.
Tungsten filament life is indicated in the user interface. An average tungsten filament life
for Ti6-Al-4V is 100 hours and is approximately 80 hours for nickel alloys. However, tungsten
filament life is dependent on the subject material and is affected by many factors such as build
temperature, undesired arc trips, and smoking events during a print. The filament must be replaced
when the allowed filament life (agreed upon between the component supplier and purchaser) is
reached, or when damaged.
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Inserting clean heat shield, rake flaps and front plate.
Figure 8 shows a diagram with the correct arrangement of these removable components
within an Arcam A2X machine, and Figure 17 shows an Arcam A2X assembled build chamber.

Figure 17. Arcam A2X cleaned and assembled build chamber.

Loading build model file.
In this step, the user must load the model file obtained from Arcam Build Assembler as
explained in the File Preparation section of this document and assign a melt theme within the
manufacturer’s software. Melt themes include all recommended printing parameters for that
specific material according to the manufacturer.

Starting vacuum.
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Start by inspecting the door O-ring (shown in Figure 18) for wear cracks and clean it with
a microfiber cloth to remove powder particles and ensure a proper seal on the main chamber door.
The column must reach a minimum of 9E-6 mbar pressure and chamber a minimum of 5E-4 mbar
pressure before starting the electron beam calibration.

Figure 18. Arcam A2X chamber door O-ring.

Starting beam focus and center alignment and calibration.
Once a minimum chamber pressure of 5E-4 mbar is reached, the user can start the beam
alignment and calibration as per the manufacturer’s manual. After the beam is aligned and
calibrated, the user can start the print. A stable build environment pressure level is approximately
2E-3 mbar absolute.
Beam centering is performed manually with the help of the previously sketched “X” on the
build plate (as shown in Figure 12) to set a point of origin for the build. Once this step is completed,
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the beam should be aligned. The alignment process serves to calibrate the lenses that focus the
electron beam. This should be done at 9 alignment spots on the build platform (as shown in Figure
19). During beam alignment, the manual controls convert displacement values into lens signal
values. Focus and astigmatic lens signal values are calibrated by optimizing the beam intensity
(marked in orange) in the center of each calibration spot. It should be noted that large metallic
objects around the machine affect this setting, so the users must refrain from moving or operating
big equipment as the build occurs. A schematic of an aligned beam spot position is shown in Figure
19.

Figure 19. Beam alignment and optimized beam intensity.

4. Layer Processing
Preheat of Build Plate
Prior to laying any powder, the build platform is preheated. Preheating consists of moving
an unfocused beam across the build platform to increase its temperature to a set initial value, which
is approximately 800°C for Alloy 625. Additionally, this step sinters the powder bed slightly to
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help fix the platform during a print [4]. These initial values are specified in the material melt theme.
During this preheat state, the chamber is also outgassing. Outgassing consists of pumping out any
particles inside the chamber that may cause build contamination.

Powder Deposition
The layer processing in the EB-PBF process is composed of four main steps as depicted in
Figure 20. The first build step in an EB-PBF system consists of applying a thin layer of powder
material (50-150 μm) on the preheated build plate with the use of a stainless-steel rake. The rake
gets the powder from two powder dispatchers located above the build plate [4].

Heating-Melting-Support Melting Cycle
Each layer of powder that is applied undergoes a heating step consisting of an unfocused
beam scan across the entire powder bed. This heating step helps maintain the build environment
near recrystallization temperature which reduces thermal gradients and leads to low residual
stresses within the finished part [51]. Besides providing energy to the build environment to
maintain the desired build temperature, this heating step also sinters the powder on the entire build
area. This sintering increases the electrical conductivity of the powder and therefore prevents
powder particles from building up a charge and exerting repulsive forces among them [4][62]. This
repulsion of charged powder particles is a process instability often referred to as a smoke event,
which can lead to print failure if occurs repeatedly. After the heating step, the electron beam
proceeds to selectively melt regions of the powder bed in a linear pattern starting with contour
melting, which is the boundary of the printed part, and followed by hatch melting, which is the
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interior volume of the part. Once the current layer has been heated and melted, the platform is
lowered, and the above steps repeat [4].

Figure 20. EB-PBF layer processing steps [4].

5. Powder Removal and Build Extraction
When the chamber has cooled down to a temperature of approximately 200°C the user
could start venting the machine with helium gas. Subsequently, when the machine’s temperature
is less than 100°C, the user can vent the chamber with air. Venting the machine with air at
temperatures greater than 100°C can lead to powder oxidation. Once these steps are completed the
machine is ready to open.
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To remove the print from the Arcam EB-PBF chamber, the user must take out the heat
shield as seen in Figure 8. Due to the layer processing in EB-PBF systems explained in an earlier
section, the resultant print will be embedded in a sintered block of powder underneath the powder
bed (see Figure 21). This powder surrounding the printed part is slightly sintered and can be
removed with the use of a Powder Recovery System (PRS) as shown in Figure 21. The working
principle of powder recovery systems is to shoot compressed air at a sintered block of powder
material; then recycle those powder particles in the ambient through a closed air recirculation loop
that ultimately feeds those powder particles to the air gun, and finally be able to blast away all the
sintered material surrounding a printed part using the same powder as abrasive material [4]. One
big advantage of powder recovery systems is that the blasted powder can be sieved and reused
multiple times [59][63]. Moreover, support structures may be broken with the help of pliers or
other mechanical tools.

Figure 21. Employing a powder recovery system (PRS) to extract final part from sintered block.

6. Post-Print Heat Treatment
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Post-print heat treatments that can be performed on EB-PBF fabricated nickel-base
superalloys include but are not limited to hot isostatic pressing (HIP), solution treatment, and
aging. These different heat treatments lead to changes in density, precipitate formation and
homogenization within EB-PBF fabricated nickel-base superalloy samples as investigated in
[64][6][65].
ASTM F3056-14e1 is the Standard Specification for Additive Manufacturing Nickel Alloy
(UNS N06625) through Powder Bed Fusion. F3056-14e1 recommends EB-PBF fabricated Alloy
625 samples to be HIPed per Section 13 and annealed per AMS 2774. Section 13 states that
“components must be processed under inert atmosphere and not less than 100 MPa within the
range of 1120 to 1175°C; held at the selected temperature within ±15°C for 240 min ±60 min and
cooled under inert atmosphere to below 425°C, or the parameters agreed upon between the
component supplier and purchaser” [66]. For additive manufacturing of this material, specification
AMS 2774 [67] recommends referencing SAE AMS 7000 for the use of a solution heat treatment
at 2150°F ± 25°F (1190 °C±14°C) for 60 min ±10 min. Subsequently, the additive manufactured
Alloy 625 part needs to be cooled at atmospheric cooling to 1200°F (649°C) and from there cooled
to room temperature at any rate [67][68].

2.7.2 PBF Fabrication of Alloy 625: Feedstock and Build Characterization
2.7.2.1 Chemical Composition and Feedstock Properties
Alloy 625 provides strength and corrosion resistance in a variety of environments [1]. It is
widely used in industries such as aerospace, marine, chemical, and petrochemical. This nickelbase superalloy is of interest due to its good combination of yield strength, creep strength, excellent
fabricability, weldability, and good resistance to high-temperature corrosion [69]. Its high content
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of Cr and Mo provides good corrosion resistance, while Fe and Nb provide solid solution
strengthening [2].
Moreover, a balanced content of (Nb + Ti + Al) leads to precipitation hardening by γ’’
phase in Alloy 625 [1]. Table 1 shows the chemical composition of Alloy 625 wrought product,
EB-PBF, and Laser Powder Bed Fusion (L-PBF) precursor powders and fabricated components,
which were studied and produced in the literature described below. Moreover, Table 1 includes
the chemical requirements for Alloy 625 as indicated by ASTM F3056-14e1 [66].

Table 1. Chemical composition of Alloy 625 wrought product, EB-PBF and L-PBF precursor
powders and fabricated components.
Alloy 625
Component
Wrought
product
(nominal)*
EB-PBF
precursor
powder (prealloyed gas
atomized)**
EB-PBF
precursor
powder (mass
analysis)***
EBMEB-PBF
as-fabricated
Z-built
cylinder (EDS
analysis)****
L-PBF
precursor
powder (mass
analysis)***
L-PBF asfabricated
XY-built
cylinder (EDS
analysis)***

Element wt.%
Ni
Cr

Mo

Nb

Al

Ti

Fe

Mn

Si

C

Co

P

S

61.0

21.5

9.0

3.6

0.2

0.2

2.5

0.2

0.2

0.05

-

-

-

Balance

21.25

8.64

3.51

0.21

0.19

3.93

-

-

-

-

-

-

65.7

21.3

9.3

3.7

-

0.02

0.4

-

-

0.004

-

-

-

61.1

19.2

8.8

4.7

-

-

-

-

-

-

-

-

-

64.8

21.7

8.9

3.5

0.05

0.08

<0.1

0.47

0.39

<0.01

64.2

21.2

9.4

5.2

-

-

-

-

-

-

-

-

-
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Precursor
powder as per
ASTM F305614e1

Balance

20-23

8-10

3.15
4.15

≤
0.4

≤
0.4

≤5

≤
0.5

≤
0.5

≤ 0.1

≤
1

≤
0.015

≤
0.015

*Values extracted from ASM Metals Handbook Volume 01 [70].
**Values extracted from [5].
***Values extracted from [71].

Powder characterization is an essential step in the EB-PBF printing process [6][5][71].
Table 2. shows precursor powder characterization in existing literature including mean particle
density and particle size distribution used in EB-PBF and L-PBF.

Table 2. Alloy 625 precursor powder characterization.
Experimentally
Measured
Precursor
Powder used in
EB-PBF [18]

Experimentally
Measured Precursor
Powder used in
EBMEB-PBF
[10],[19]

Experimentally
Measured Precursor
Powder used in
LPBFL-PBF [19]

Inconel 625
Literature [18]

Mean Particle Density

8.2±0.17 (g/cm3)

-

-

8.44 (g/cm3)

Particle Size
Distribution or Average
particle diameter

40-100 μm

22 μm

20 μm

-

2.7.2.2 Microstructure: EB-PBF
Alloy 625 is a good candidate to be manufactured through EB-PBF, reaching nearly fully
dense parts (≈99.5%) in [5]. The study in [5] investigates the impact that EB-PBF process
parameters (beam current, focus offset, and scan speed) have on the microstructure, porosity, and
surface finish of Alloy 625 printed parts.
The precursor, pre-alloyed argon gas atomized Alloy 625 powder used in [5] exhibits
spherical particles with satellite formation, as shown in Figure 23. The use of spherical powder is
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ideal for EB-PBF systems as it facilitates proper raking and packing of the powder. Interestingly,
a high magnification scanning electron microscopy (SEM) image of an Alloy 625 particle crosssection (depicted in Figure 23) shows a dendritic microstructure and reveals entrapped spherical
gas porosity. This dendritic microstructure is also seen in the Alloy 625 powder batch used in [6]
and shown in Figure 22. According to Chauvet et al., gas porosity was observed in ≈6% of powder
particles and resulted in an approximate powder porosity level of 0.45%, which played an
important role in the final as-fabricated EB-PBF samples. The particles size distribution was
determined by laser granulometry ranging between 40 and 100 μm [5].

Figure 22. Magnified SEM view of Alloy 625 powder particle showing classical Rapid
Solidification Rate (RSR) micro-dendrite structures with optical microscopy image for the
corresponding etched cross-section showing the interior microdendritic structure [6].
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Figure 23. Left: SEM micrographs of initial Alloy 625 powder particles showing a spherical
morphology with satellites. Right: [5].

Additionally, Chauvet et al. identify the structure and morphology of three differently
defined build quality categories of Alloy 625 printed parts: porous, well-melted, and over-melted
(shown in Figure 24 below).

Figure 24. Top surface views of samples fabricated by EBM. (a) Typical surface view of porous
sample, (b) Well-melted sample, (c) Over-melted sample [5].

The porous samples were defined as such due to their porous top surface morphology
caused by insufficient melting, or lack of energy to melt powder layers (see Figure 24 (a)). The
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over-melted samples showed a wavy and bulky top surface morphology with irregular edges due
to a high beam power causing an unstable melt pool and melt front (see Figure 24 (c)). Finally, the
well-melted samples show a relatively flat top surface and well defined edges (see Figure 24 (b))
[5].
Chauvet et al. employed a Design Of Experiments (DOE) approach that enabled
experimental determination of optimum build quality processing parameters [5]. In this DOE the
speed function was varied from 20 to 200; the focus offset was varied from 0 to 50 mA; and the
beam current from 2 to 20 mA. It is important to mention that the mentioned speed function
corresponds to a scan speed between 300 and 4500 mm/s and that that focus offset is a measure of
the beam spot size [5]. Preheating conditions and scanning strategies were kept constant [5].
In a first DOE, based on the visually determined three categories (porous, well-melted,
over-melted) mentioned above, Chauvet et al. plotted a map of sample surface quality as a function
of speed function and focus offset at a constant beam intensity equal to 8 mA (Figure 25). The
dotted line in the figure represents the relative density of the initial precursor powder, and the white
cross corresponds to the selected parameters to produce Alloy 625 parts in this study. It can be
seen that a higher scan speed and larger beam spot size lead to a lower relative density, therefore
a porous printed sample [5]. Limits between each zone were drawn based on the visual evaluation
of the top surface of printed samples [5].
In a second DOE, the scan speed and beam intensity were varied, while the focus offset
was kept constant at 25 mA. The beam intensity was measured in the form of surface energy Es
(see Equation 1). Where U is the acceleration voltage (constant 60 kV), Ibeam is the beam current
(mA), Vscan is the beam scan speed (mm/s) and δline offset is the line offset (mm). Figure 26 shows
the process parameter window suitable to produce well-melted samples in terms of surface energy
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and scan speed. A couple of conclusions from Figure 26 made in [5] are that a higher scan speed
used to melt the samples decreases the melting time and consequently the time to manufacture the
parts. On the other hand, the required surface energy is lower for high scan speed, which reduces
energy costs [5].
Equation 1. [5].

Figure 25. Process parameter window as a function of Speed Function and Focus Offset suitable
for near fully dense parts. White X corresponds to the selected parameters for Inconel 625 [5].
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Figure 26. Process parameter window suitable for well-melted samples [5].

The process parameters used to print the differently categorized samples (porous, wellmelted, and over melted) are listed in Table 3. These samples were cut along the build direction
and were prepared using standard metallographic procedures. Optical micrographs of three
different categories of samples manufactured using the same scan speed of 900 mm/s and focus
offset of 25 mA, but different beam current values are shown in Figure 27 [5].

Table 3. Process parameters to build porous, well-melted and over-melted samples [5].
Process Parameters

Porous

Well-melted

Over-melted

Preheat Temperature
(°C)
Speed Function

900

900

900

70

70

70

Focus Offset (mA)

25

25

25

Beam Current (mA)

3

5

12
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Figure 27. Optical micrographs of EBM samples melted with different beam density. (a) 3mA Porous, (b) 5mA - Well melted, (c) 12mA - Over melted [5].

The porous sample shows large porosities of around 5% due to a lack of melting (Figure
27(a)). The well-melted sample shows only spherical pores ranging between 2 and 10 μm (Figure
27(b).). The over-melted sample exhibits a reduced porosity, about 0.2% (Figure 27(c)) [5].
In Chauvet et al., the microstructure of well-melted samples from optimal parameters,
which were chosen as: beam power = 5 mA, speed function = 70, and focus offset = 25 mA, result
in columnar-like grain structure containing precipitates in the build direction as shown in Figure
28 [5]. This microstructure is similar to the one reported in [6] and [71].
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Figure 28. 3D optical micrograph of manufactured sample with chosen optimal parameters as per
[5]. Build direction (BD) is represented by the arrow on the left.

In [5], IPF-orientation maps show the effect of beam intensity on grain microstructure.
Microstructure observed in a well-melted sample is columnar grains oriented along the build
direction and on the (001) plane as shown in Figure 29. The constant columnar grain width along
the sample height was measured to be about 100 μm. Additionally, the microstructure of porous
samples was described by the authors as a subsequent epitaxial growth of grains due to the layerby-layer deposition process. Meaning that small equiaxed grains turn into columnar grains. This
subsequent epitaxial growth of grains is interrupted by porosity induced by lack of fusion as shown
in Figure 29. Beam intensity can affect both surface morphology and microstructure [5].
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Figure 29. Left: IPF orientation map of well-melted sample; Right: EBSD map of porous sample
[5]. Build direction (BD) is represented by the arrow on the top right.

The over-melted samples reported the same grain structure as the well melted sample.
However, in contrast with the well-melted constant columnar grain width, the grain width of over
melted samples varied with the sample height as shown in Figure 30. From Figure 30, Chauvet et
al. concluded that the mean grain width of an over-melted EB-PBF sample evolves from 100 μm
at the bottom of the sample to 350 μm at the top [5].

Figure 30. Columnar grain width variation along an over-melted sample height [5].
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Amato et al., compared microstructures and properties of Alloy 625 fabricated by EB-PBF
and L-PBF. The same EB-PBF powder batch and the same HIP procedure were performed on
printed samples as in [6]. HIPed at 1120°C (~0.84Tm, where Tm was 1335°C) at 100 MPa pressure
for four hours in argon. EB-PBF cylinders were built in the Z-axis direction (parallel to the build
direction). L-PBF cylinders were built in XY-axis (perpendicular to build direction) and Z-axis
directions. The average powder sizes were measured to be 22μm and 20μm for the EB-PBF and
L-PBF powder, respectively (shown in Table 3) [71].

EB-PBF (Arcam A2 EBM) Process as described in [71].
•

Electron gun focused through an electromagnetic lens system accelerated by a 60 kV
potential.

•

The powder bed is preheated to 0.8Tm (Tm is the melting temperature).

•

High beam current (~30mA) and multiple passes of the beam at a scan rate of ~10^4 mm/s.

•

The EB-PBF system operates under a vacuum of <10^-4 Torr. To enhance heat conduction
and component cooling, the pressure is increased to ~10^-2 Torr by a helium gas bleed
near the build area.

L-PBF (EOS M270) Process as described in [71].
•

100 μm diameter laser scanned by a rotating mirror system (0.2 kW Yb: YAG fiber laser).

•

The build platform is heated to ~90°C and is maintained at this temperature during
building.

•

The beam scan rate during melting is between 800 and 1200 mm/s.

•

Purified N2 environment to provide oxidation resistance by purging oxygen from the
system while providing efficient heat conduction and component cooling.
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Figure 31 below shows columnar precipitates parallel to the build direction of EB-PBF
manufactured Alloy 625. From X-ray diffraction data it was determined that these precipitate
platelets were body-centered-tetragonal γ’’ Ni3Nb precipitates and coincident with face-centeredcubic γ Ni-Cr (111) planes [6].

BD

Figure 31. 3D optical micrograph of EB-PBF as-fabricated samples showing columnar
precipitate architectures and columnar grain boundaries (GB) containing precipitates. Left [6],
Right [71]. Build direction (BD) is represented by the arrow on the bottom right.

2.7.2.3 Microstructure: EB-PBF HIP
In [6], as-fabricated cylinders were HIPed at 1393 K (1120 °C), 100 MPa pressure for 4
hours in an argon gas environment. The measured density for the as-fabricated samples was ~8.4
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g/cm3 compared to a theoretical density of 8.44 g/cm3, which represents a very low porosity. The
density measured after hipping was slightly increased to ~8.5 g/cm3 [6].
HIPing of the EB-PBF as-fabricated samples dissolved the γ’’ body-centered-tetragonal
Ni3Nb precipitate columnar architecture and recrystallized the (200) oriented columnar grains to
form an equiaxed, face-centered-cubic NiCr grain structure of 50 μm average diameter (shown in
Figure 32). Also, the matrix contains a dense distribution of precipitates along with continuous
precipitate arrays in grain boundaries [71]. In contrast to the columnar precipitates, Figure 32
shows an equiaxed grain structure in both the horizontal and vertical planes, except for some
elongated grains along the build direction. In addition, this grain structure contains annealing twins
as an indication of equilibrium in the structure [6]. Authors describe it as a mostly homogeneous
distribution of NbCr2 laves precipitates with some complex dislocation arrays [6]. From the X-ray
diffraction spectra analysis the precipitation in EB-PBF HIPed components involves NbCr2 laves
precipitates, pure body-centered-cubic Cr precipitates, and Ni8Nb tetragonal precipitates [6][71].
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Figure 32. Grain structure for HIPed EBM samples. Left: [6]; Right: [71]. Build direction (BD)
is represented by the arrow on the bottom right.

2.7.2.4 Microstructure: Wrought
As reported in literature Alloy 625 consists of an austenitic γ-Ni face-centered-cubic solid
solution, in which intermetallic phases γ’’ and δ are distributed in the grains and along the grain
boundaries, respectively [7][72][73]. In [7] the reference wrought Alloy 625 was heated at 600°C,
900°C, and 1100°C, in a furnace for one hour, and then cooled in air. In Figure 33, Nguejio et al.
showed that at 700°C, δ hardening precipitates in globular and acicular form are present. Nguejio
et al. conclude that these precipitates gradually decrease at 900°C until they disappear at 1100°C.

Figure 33. SEM images of wrought Inconel 625 samples annealed one hour at : (a) 700°C; (b)
900°C; (c) 1100°C [7].

2.7.2.5 Microstructure: L-PBF
Figure 34 shows 3D optical microscopy images for L-PBF as-fabricated, Z-axis oriented
cylinders built parallel to the cylinder axis. In both EB-PBF and L-PBF processes, columnar
architectures are formed parallel to the build direction by γ’’ body-centered-cubic Ni3Nb
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precipitates. However, in contrast to EB-PBF as-printed samples (shown in Figure 14) L-PBF
fabricated samples show several differences [71].

Figure 34. 3D optical micrographs of LPBF as-fabricated fabricated components [71]. Left: Zaxis fabricated component. Right: X, Y- axis fabricated component.

First, the presence of melt layer banding, which includes precipitation of γ’’ body-centeredcubic Ni3Nb. The γ’’ precipitates that delineate these bands are more clearly shown in the scanning
electron microscopy (SEM) image of Figure 35 below. This melt layer banding is characteristic of
laser melt scanning [74], [71]. Second, columnar precipitate arrays are about half or less than the
γ’’ precipitate column spacing for EB-PBF as-printed components. Moreover, the γ’’ precipitates
in the columnar arrays of L-PBF as printed are not discs or platelets, but fine globules. This
difference in size and morphology of precipitates, as well as the columnar spacing, column width,
and texture differences, are attributed to the difference in cooling rates, solidification phenomena,
and melt pools caused by EB-PBF and L-PBF processes [75][76][71]. In a higher magnification
(Figure 35 (a)) we can observe the columnar precipitate arrays and low-angle grain boundaries.
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The L-PBF X-Y-axis built components exhibited similar microstructure features to those of Z-axis
built L-PBF components shown in Figure 34 [71].

Figure 35. L-PBF laser melt scan banding (a) optical microscopy image in vertical reference
plane; (b) SEM image showing precipitate/second phase formation within melt bands; (c)
Magnified SEM image showing melt-band precipitates [71].

2.7.2.6 Microstructure: L-PBF HIP
Hipping of the EB-PBF and L-PBF as-fabricated cylinders at 1120°C for 4 h recrystallized
the columnar grains and formed an equiaxed face-centered-cubic NiCr grain structure. Figure 36
below shows 3D light optical microscopy (LOM) image composites for L-PBF HIP cylindrical
components fabricated in the Z-axis (left) and XY-axis (right) directions. HIPed samples show
larger intergranular precipitates than EB-PBF HIPed samples. Moreover, there is precipitation in
grain boundaries, with exception of the low energy, coherent twin boundaries as described by the
authors [71].
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Figure 36. Optical microscopy images of HIPed LPBF fabricated samples showing equiaxed, fcc
(NiCr) grain structure and associated precipitation. Left: Z-axis fabricated component. Right: X,
Y- axis fabricated component [71].

L-PBF HIP Z-axis and X-Y-axis components indicate smaller amounts of NbCr2 hexagonal
laves precipitates (when compared to EB-PBF HIP), MoNb body-centered-cubic precipitates, and
NiNb rhombohedral precipitates. A precipitation variation table shown in Appendix A compares
more in detail precipitate formation in EB-PBF as-printed and EB-PBF HIP to that of L-PBF asprinted and L-PBF HIP components [71].

2.7.2.7 Mechanical Properties: EB-PBF
A table containing mechanical properties of EB-PBF as-printed, EB-PBF HIPed, and
wrought Alloy 625 can be found in Appendix B. This table extracted from [6] includes room
temperature (20°C) and high temperature (538°C) tensile test results, which are discussed in the
paragraphs below. The two contrasting microstructural architectures of as-fabricated EB-PBF
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components and as-fabricated and hipped EB-PBF components, previously covered, exhibited
correspondingly contrasting mechanical properties [6].
First. there is a corresponding hardness drop following HIP of EB-PBF fabricated
components, along with a drop in yield strength. Secondly, there is a significant increase of ~57%
in elongation of EB-PBF fabricated components after HIP, 69% to 44% of an as-printed
component. This considerable elongation is characterized by ductile-dimple fracture as illustrated
in Figure 37 [6], [71].

Figure 37. Failed tensile sample with SEM image of fractured surface [71].

The yield strength of EB-PBF-fabricated cylinders dropped from 0.41 GPa (tested at room
temperature (20°C) to 0.30 GPa when tested at a higher temperature of 538°C. Additionally, the
UTS decreased by 21 pct, and elongation increased by 20 % due to that same high-temperature
testing environment [6].
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Similarly, when comparing EB-PBF hipped cylinders tested at room temperature (20°C)
with the tensile testing of EB-PBF hipped cylinders at 538°C, the yield stress drops from 0.33 to
0.23 GPa, the UTS decreased by 21 %, and tensile elongation increased by 1.4% due to that hightemperature testing environment. Additionally, wrought Alloy 625 tensile tested at 538°C
exhibited a yield stress of 0.28 GPa, a UTS of 0.83 GPa, and a tensile elongation of 50% [6].
At room temperature, the as-fabricated EB-PBF samples showed an equal elongation to
those of annealed wrought products. Moreover, EB-PBF hipped samples showed an increase in
elongation by 57% when compared to as-fabricated samples. Authors conclude that the EB-PBF
process is able to produce controlled microstructural architecture Alloy 625 product [6].

2.7.2.8 Mechanical Properties: Wrought and Cast
The mechanical properties of wrought and cast Alloy 625 shown in Table 4 were acquired
from the ASM Metals Handbook Volume 01 [70]. The condition of the wrought Alloy 625 bars
was the following, annealed for 1 hour at 1150°C (2100°F) and water quenched.

Table 4. Mechanical properties of wrought and cast Alloy 625 [70].
Material/Process

Ys (MPa)

UTS (MPa)

Tensile
Elongation (%)

Alloy 625/wrought

490

965

50

Alloy 625/cast

350

710
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*Tests conducted at room temperature (21°C).
*Yield strength at 0.2% strain offset.
*UTS is the ultimate tensile strength.
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2.7.2.9 Mechanical Properties: L-PBF
There are two main differences when comparing the EB-PBF to the L-PBF process. The
first one is that L-PBF uses a laser as the thermal energy source. Secondly, L-PBF does not carry
out the print in a vacuum temperature-controlled environment. Instead, it uses a constant flow of
inert gas over the powder bed to avoid the possible interaction of reactive metal particles with air
impurities. Moreover, since the enclosed environment in an L-PBF system is not temperature
controlled, higher thermal gradients are created between each deposited layer. Consequently, LPBF parts must undergo a stress-relieving heat treatment to reduce residual stresses.
Mechanical properties of EB-PBF as printed and EB-PBF HIPed components reported in
[71] are values referenced from [6]. Moreover, Amato et al. compared the mechanical properties
of EB-PBF and L-PBF processed Alloy 625 shown in Appendix C.
From the table in Appendix B, the following conclusions were made. Similarly, to EBPBF, there is a corresponding hardness drop following HIP of L-PBF fabricated components. LPBF as-fabricated tensile tests exhibited poor tensile properties, especially elongation, as a
consequence of porosity and the melt pool banding (shown in Figure 35) [71].
Moreover, L-PBF HIP samples exhibit an overall higher hardness ultimate tensile strength,
while an overall lower tensile elongation when compared to EB-PBF fabricated and EB-PBF HIP
samples due to the different precipitation microstructures (summarized in Appendix A). SEM
fracture surface images for L-PBF HIP showed similar ductile-dimple behavior as observed in
Figure 37 for EB-PBF HIP [71].
Correspondingly, there is a 24% increase in hardness when comparing L-PBF Z-axis
fabrication with XY-axis fabrication, HV 3.4 GPa to 4.2 GPa, respectively. It should be noted that
when comparing the mechanical behavior for Z-axis and XY-axis fabricated components by either
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EB-PBF or L-PBF, there is both a size factor difference for Z-axis versus XY-axis fabrication and
a corresponding cooling-rate difference, which is more notable on comparing EB-PBF and L-PBF
fabrication according to Amato et al. [71].

49

CHAPTER 3: EXPERIMENTAL METHODS

3.1 Powder Feedstock Characterization
The Alloy 625 precursor powder that was used to fabricate EB-PBF parts was acquired
from Praxair Surface Technologies Inc. The chemistry of the powder can be observed in Table 5.
The powder was produced through gas atomization. In this process, the molten metal is
disintegrated into droplets with the help of a high-pressure gas stream as shown in Figure 38. Then,
these metal droplets solidify as they fall into a chamber collection container [77]. Powder size can
be controlled by adjusting molten metal flow rater, atomizing gas pressure, and nozzle design. One
important aspect of this process is that atomization is usually done with nitrogen or argon gas to
protect the metal from oxidizing [77].
Moreover, the two variables that affect the cost of this process are: atomizing gas, melting
method (e.g. atmosphere or vacuum) [77]. Gas atomization together with induction melted bar
atomization (EIGA), plasma atomized wire (PAW) and plasma rotating electrode atomization
(PREP) are common manufacturing processes for additive manufacturing metal powders [77]. Gas
atomization is a technology that produces high-quality powder at a reasonable cost among all
processing technologies. Some of its advantages include high powder flowability and excellent
metallurgical quality in a wide selection of alloys. In addition, some disadvantages include
variability in powder properties among suppliers, not available for reactive and high melting point
alloys [77].
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Table 5. Chemical composition of Alloy 625 powder from Praxair.
Element

Composition

Aluminum

0.40 Max.

Boron

0.006 Max.

Carbon

0.05 Max.

Cobalt

1.00 Max.

Chromium

20.00 - 23.00

Copper

0.05 Max.

Iron

5.00 Max.

Manganese

0.10 Max.

Molybdenum

8.00 - 10.00

Nitrogen

0.025 Max.

Nb (Cb)

3.15 - 4.15

Nb (Cb) + Ta

3.15 - 4.15

Nickel

Balance

Oxygen

0.03 Max.

Phosphorous

0.015 Max.

Sulfur

0.015 Max.

Selenium

0.005 Max.

Silicon

0.50 Max.

Tin

0.01 Max.

Tantalum

0.20 Max.

Titanium

0.40 Max.
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Figure 38. Gas atomization process showing molten metal being poured into a crucible above the
atomization chamber (top left). High pressure gas streams disintegrating molten metal (right).
Atomization tower (lower left). Courtesy Joe Strauss, HJE Company, Inc [77].

Prior to printing, the received powder was characterized in the form of particle size
distribution, flowability, and apparent density. Particle size distribution was analyzed using a
Retsch Camsizer X2, which resulted in a particle size distribution of D10: 56.2 µm, D50: 74.0 µm,
and D90: 98.9 µm. Meaning that 10% of powder particles are below 56.2 µm in diameter, 50% of
powder particles are below 74.0 µm in diameter, and 90% of powder particles are below 98.9 µm
in diameter. This distribution of particles is shown in Figure 39. The particle analyzer Retsch
Camsizer X2 uses dynamic image analysis as per ISO 13322-2 to measure particle morphology
and size distribution in a range from 0.8 μm to 8 mm in diameter size [78]. Average sphericity was
measured to be 0.88 with 1 being fully spherical particles.
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The as-received powder was mounted and polished to take cross-sectional optical
microscopy images of powder particles. Figure 40 is an optical microscopy image at 100X
magnification showing entrapped spherical gas porosity within as received powder particles. In
Figure 40 we can also observe that particles are spherical with satellite formation. These embedded
gas pores, which are spherical in shape, are usually caused by the gas atomization manufacturing
process [5].

Figure 39. Particle size distribution graph acquired from Retsch Camsizer X2
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Figure 40. Optical microscopy image at 100X magnification showing gas porosity within as
received Alloy 625 powder particles.

Flowability of the powder and apparent density measurements were conducted according
to ASTM B212. ASTM B212 is the Standard Test Method for Apparent Density of Free-Flowing
Metal Powders Using the Hall Flowmeter Funnel in which a volume of powder is permitted to
flow into a definite volume container under controlled conditions. Then, the mass of the powder
per unit volume is determined and named as apparent density [56]. Figure 41 includes a schematic
of both apparatus the Hall Flowmeter Funnel and the Density Cup as per ASTM B212. The
flowability of the powder was measured to be 2.91 g/s with an apparent density of 4.16 g/cm3.
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Figure 41. Flowmeter Apparatus – Hall Funnel. Density Cup (25 ± 0.03 cm3) [56].

3.2 Electron Beam Powder Bed Fusion System
The Alloy 625 specimens used in this study were fabricated in an Arcam AB A2X machine.
As stated in the literature review portion of this document, this is an Electron Beam Powder Bed
Fusion system. It has a maximum build volume of 200 x 200 x 380 mm and is capable of a high
material deposition rate of up to 120 cm3/h. The beam power in this system is 3.0 kW and can
withstand process temperatures of over 1100°C. The electron beam is controlled with the use of
magnetic lenses providing a maximum beam velocity of 8,000 mm/s.

3.3 Process Parameter Development
In this study, EB-PBF process parameters were systematically modified in two different
arrays of test cubes to determine optimum process parameters based on surface finish, internal
porosity, and density of the printed specimens. Helmer et al. claim that flat smooth top surfaces on
EB-PBF printed parts are important in terms of consistent metallurgical bond formation. The
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unevenness of the top surface is a result of high mobility of the melt [79]. The first test consisted
of varying speed function within an initial theme of parameters for nickel alloys. This starting
theme included a beam current of 15 mA and a speed function of 40. The speed function test serves
the purpose of enhancing density and reducing internal porosity within the samples while avoiding
visible surface porosity and over-melting.
Once an optimal speed function value was determined, a second test was carried out
consisting of varying focus offset. The purpose of this test is to evaluate the surface finish and
further enhance the density of the printed specimens. Beam current of 15 mA and a layer thickness
of 50 μm were kept constant throughout the mentioned tests. A plate pre-heat temperature of 950°C
was also kept constant throughout the experiments. It is important to mention that this temperature
value is acquired from a thermocouple that is in direct contact with the build plate, therefore it
does not directly represent the environment temperature. The hatch line offset, which is the
distance from the centerline of a beam pass to another, was maintained constant. Both focus offset
and speed function tests are explained in further detail in the next paragraphs.
Additionally, a comparison was carried out between 50 μm and 100 μm layer thickness
printed samples in their as-built condition. This comparison included density, porosity, and
microstructure of as-built specimens and is explained in the results section of this study. The
optimal melt parameters are listed in Table 9.

3.3.1 Speed Function Test
Speed function is a measure of the beam scan speed [5][80]. However, there is not a direct
relationship between speed function and beam scan speed since the Arcam A2X system controls
the scan speed dynamically according to maximum current and powder bed temperature to ensure
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the melt pool is always a constant size regardless of the hatch line offset [81][82]. In EB-PBF
systems beam scan speed is very important since it is one of the many factors that affects electron
beam melt pool and therefore the fusion of layers [80][83][79]. As explained in Cheng et al., at
high speed functions (or scanning speed) the energy density input on each layer decreases [80].
The phenomena observed in [80] due to high speed function includes rougher surface, increased
internal porosity and larger columnar grain width in the microstructure. Puebla et al. and Gong et
al. support the argument that speed function has a high influence on the porosity of EB-PBF printed
parts and that increasing scan speed leads to an increase in lack of fusion porosity [81]. Porosity
can become present due to an insufficient melt pool depth or overlap. Helmer et al. state that lack
of fusion porosity can be reduced by increasing the power of the beam or by decreasing scanning
speed to increase melt pool volume [79].

Figure 42. Top surface views of cubic specimens printed with different speed function (SF).
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Table 6. Process parameters design of experiments for varying speed function and values for
skeletal density and internal porosity.
Cube

Preheat

Beam

Speed

Hatch

Focus

Skeletal

Relative

Internal

Avg.

ID

Temperature

Current

Function

Line

Offset

Density

Density

Porosity

Pore

(°C)

(mA)

(g/cm3)

(%)

(%)

Size

Offset

(μm2)

(mm)
SF I

950

15

32

0.20

25

8.42

99.73

0.49

11.34

SF II

950

15

36

0.20

25

8.41

99.66

0.44

11.73

SF III

950

15

40

0.20

25

8.42

99.78

0.52

12.08

SF IV

950

15

45

0.20

25

8.42

99.77

0.41

16.13

SF V

950

15

50

0.20

25

8.38

99.30

0.43

18.82

SF VI

950

15

55

0.20

25

8.37

99.12

0.50

28.04

SF VII

950

15

60

0.20

25

8.36

99.11

0.81

25.90

As previously stated, this speed function test serves the purpose of further enhancing part
density and reducing internal porosity of the samples while avoiding visible surface over melting
or surface porosity. Figure 42 shows top surface views of cubic specimens printed with different
speed functions. The speed function values corresponding to each test cube are listed in Table 6.
From this speed function test, it can be observed that cubes SF I and SF II show surface waviness
towards the edges. These over-melting signs were attributed to lower scanning speeds as the beam
spends more time scanning each layer and therefore increases the energy density being delivered
on each layer. Cube SF III was identified as the specimen with the best surface finish and skeletal
density. Additionally, cubic specimens SF IV-VII showed gaps and significant pore formation on
the surface as shown in Figure 42.
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Table 6 shows process parameters used to print each of the seven test cubes including
skeletal density and internal porosity results. According to Aerospace Specification Metals Inc.,
the theoretical density of Alloy 625 is 8.44 g/cm3 [84]. Therefore, the percent skeletal density of
EB-PBF Alloy 625 is derived taking 8.44 g/cm3 as 100% dense.
As expected from the increasingly porous surface of the higher speed function printed
samples, Table 6 shows a decrease in skeletal density on samples with higher speed functions (4560). Moreover, internal porosity does not show a clear trend in porosity variation. One thing to
note is that pore size is higher for higher speed functions than lower speed functions as visually
observed in Appendix D and reported in Table 6. Moreover, at the highest speed function sample
(60), evident lack of fusion porosity can be observed, see Appendix E. Finally, due to the best
results in terms of surface finish, skeletal density, and internal porosity values, test cube SF III
(speed function of 40) was chosen to move forward with the study.

3.3.2 Focus Offset Test
In EB-PBF systems the focus offset is a measure of the beam spot size [5]. Focus offset is
the additional current running through the electromagnetic coil lenses that is translated into an
offset of the focal plane from its zero position [85][86]. Meaning that a higher focus offset will
modify the magnetic lenses signal values to produce a more defocused and wider diameter beam
scan [87]. A focus offset of 0 mA results in the smallest beam spot size and higher energy density.
As focus offset value increases, the energy density being delivered to the powder bed is less
concentrated [87].
Focus offset affects the melt pool caused during the printing of each layer of material [79].
Helmer et al. describe the melt pool of a defocused beam as being shallower than that of a focused
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beam as seen in Figure 43. In addition, Gong et al. use a schematic to show how the horizontal
melt pool size is enlarged and the melting depth reduced when increasing the focus offset as shown
in Figure 44.

Figure 43. Schematic illustrating melt pool geometry. Cross-sectional view perpendicular to the
direction of beam motion. The melt pool shape for the defocused beam is shallower than that for
the focused beam [79].

Figure 44. Schematic of melt pool with increased focus offset in EB-PBF process.

The increased overlap area at higher focus offset values leads to a better surface finish [88].
However, an increased overlap area and reduced melting depth can create an unstable melt pool

60

due to un-melted powder underneath as shown in Figure 44 that can result in wavy and porous top
surfaces and increased internal porosity of printed samples as reported in Gong et al. [88].
Once a speed function had been chosen, then a focus offset test was carried out. This test
consisted of keeping all defined process variables constant and only varying focus offset values
from 0 to 27.5 in intervals of 2.5. The process parameters design of experiments for varying focus
offset is listed in Table 7 and the build layout can be seen in Figure 46. The purpose of this test is
to further optimize surface finish and density of the printed samples.
Out of the 12 test cubes used for this focus offset analysis, test cube FO XI with a focus
offset of 25 mA was shortlisted based on surface finish. As seen in Figure 45, from visual
inspection a focus offset value of 25 shows the best surface finish. A higher focus offset value of
27.5 starts to show a wavy surface with visible porosity probably due to an unstable melt pool as
observed in Sames et al. study [88]. Then test cubes FO III and FO VII, with focus offset values
of 5 and 15 respectively, were sectioned along the build direction and metallographically prepared
to analyze and compare skeletal density and internal porosity of lower focus offset values to those
of test cube FO XI.
Table 8 lists skeletal density and internal porosity values for test cubes FO III, FO VII, and
FO XI. Test cube XI, which showed the best surface finish, also demonstrates to have comparable
skeletal density and internal porosity to those of test cubes FO III and FO VII. However, FO VII
has the biggest average pore size (17.78 μm2). Therefore, the parameters of cube FO XI were
chosen as the final optimal parameters in terms of top surface finish, skeletal density, and internal
porosity, and these are listed in Table 9. The volumetric energy density (Ev) resultant from the
final parameters and calculated using Equation 2 is 68.9 J/mm3. Where U is the acceleration
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voltage (constant 60 kV), Ibeam is the beam current (mA), Vscan is the beam scan speed (mm/s), δline
offset

is the hatch line offset (mm) and t is the layer thickness (mm).
Equation 2.

Table 7. Process parameters design of experiments for varying focus offset.
Cube

Preheat

Beam

ID

Temperature Current

Speed

Hatch

Focus

Function

line offset Offset

(°C)

(mA)

(mm)

FO I

950°C

15

40

0.2

0

FO II

950°C

15

40

0.2

2.5

FO III

950°C

15

40

0.2

5.0

FO IV

950°C

15

40

0.2

7.5

FO V

950°C

15

40

0.2

10

FO VI

950°C

15

40

0.2

12.5

FO VII

950°C

15

40

0.2

15

FO VIII 950°C

15

40

0.2

17.5

FO IX

950°C

15

40

0.2

20

FO X

950°C

15

40

0.2

22.5

FO XI

950°C

15

40

0.2

25

FO XII

950°C

15

40

0.2

27.5
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Table 8. Process parameters design of experiments for varying focus offset and values for
skeletal density and internal porosity.
Cube

Preheat

Beam

Speed

Hatch Line

Focus

Skeletal

Relative

Internal

Avg.

ID

Temperature

Current

Function

Offset

Offset

Density

Density

Porosity

Pore Size

(°C)

(mA)

(g/cm3)

(%)

(%)

(μm2)

FO III

950°C

15

40

0.2

5

8.42

99.72

0.40

11.79

FO VII

950°C

15

40

0.2

15

8.40

99.53

0.50

17.78

FO XI

950°C

15

40

0.2

25

8.42

99.78

0.52

12.08

(mm)

Figure 45. Top surface views of cubic specimens with different focus offset.
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Figure 46. Build layout for focus offset test.

Table 9. Optimized process parameters values.
Process Parameters

Optimized Theme

Preheat Temperature (°C)

950

Speed Function

40

Focus Offset (mA)

25

Beam Current (mA)

15

Hatch line offset (mm)

0.2
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3.4 Heat Treatment
Once having printed tensile specimens with the optimized parameters for density and
surface finish, a post-print heat treatment was applied to tensile specimens to achieve nearly full
density and reduce anisotropy in mechanical properties due to the layer-by-layer printing process.
Having anisotropic mechanical properties means that the properties of the printed parts depend on
the direction in which they are measured. The directionality in the microstructure of as-built parts
is a contributing factor to this anisotropy in mechanical properties as seen in this study and other
studies such as [89]. Both vertically and horizontally printed samples were heat treated as specified
below.

1. Stress relief at 1950 ± 25 °F for 1.5 hours and vacuum slow cool as per ASTM F3056-14E1
2. Hot isostatic pressing (HIP) carried out in an inert atmosphere at not less than 100 MPa within
the range of 1120 to 1175 °C and hold at that temperature within ± 15 °C for 240 ± 60 min and
cool under inert atmosphere as per ASTM 3301-18a.
3. Solution treatment at 2150 ± 25 °F for 60 minutes and argon gas fan cool at a rate of air cooling
or faster to 1200 °F as per AMS 7000.

Stress relieving is carried out to reduce the internal stresses induced by the thermal gradient
between layers. Hot isostatic pressing consists of subjecting a pre-molded material to both high
temperatures and high isostatic pressures applied uniformly to the part in all directions, using a gas
transfer medium [89]. The main goal of HIPing EB-PBF printed parts is to close internal defects
caused by gas porosity within the powder feedstock or process-induced porosity [90]. Solution
treatment of additively manufactured Alloy 625 has shown to dissolve strengthening precipitates
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and recrystallize columnar grains into an equiaxed grain structure causing an increase in ductility
of the printed sample [91].

3.5 Tensile Specimen Preparation
A total of 20 tensile specimens were printed for this study. The goal is to analyze the
anisotropic mechanical performance of as-built tensile coupons printed vertically and horizontally,
and how the post-print heat treatment affects the samples microstructurally and mechanically.
Figure 47 depicts the print layout for horizontal and vertical samples. These parts were machined
according to ASTM E8 Standard Test Methods for Tension Testing of Metallic Materials. EBPBF process results in a rough surface. The rough outside surface of as-built specimens serves as
a crack initiator when put under a mechanical load. The reduction of yield strength and maximum
elongation at fracture under uniaxial tensile loading of as-built specimens in comparison to
machined tensile EB-PBF specimens has been reported in [92]. Therefore, to reduce crack initiator
rough surface, in addition to the post-print heat treatment, final use pieces are usually machined
into their final shape.

Figure 47. Schematic of the layout for vertical and horizontally.
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3.6 Microstructural Characterization
For microstructural characterization, as-built and heat-treated samples were prepared using
standard metallographic procedures. The printed samples were sectioned using an ATM Brilliant
220 machine along X-Z, Y-Z, and X-Y planes to observe their respective surfaces. Once sectioned,
the samples were hot mounted in an ATM OPAL 460 hot press using black epoxy. Grinding of the
mounted samples included 320, 400, and 600 grit size silicon carbide abrasive discs. Then,
polishing was performed using 6 μm and 1 μm diamond suspensions.
The final polishing step was performed using a 0.3 μm alumina suspension. Both polishing
and grinding were done using an ATM SAPHIR 530 semi-automatic machine. The general
microstructure was revealed by etching the samples with an etchant similar to etchant #149 in
ASTM E407, containing 15 mL of lactic acid, 25 mL of Hydrochloric acid (HCL), 3-4 mL of
Hydrogen peroxide (H2O2). The etchant was applied to the samples with a cotton swab, and they
were exposed to the etchant for around 1-2 minutes, and then cleansed with water.
Microscopic examination was performed under bright field illumination on the Olympus
GX53 inverted optical microscope. Grain size measurements were calculated using the line
intercept method as per ASTM E-112 Standard Test Methods for Determining Average Grain Size.
Optical microscopic images were analyzed at 50X magnification. The average grain size was
estimated by accounting for the number of grain boundary intersections per unit length of one or
more straight lines without exceeding a total of 100 intercepts per sample. Non-equiaxed grain
shaped microstructures were measured by evaluating the grains on multiple planes, which include
transverse, longitudinal, planar [93].
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3.7 Density and Porosity Measurements
The skeletal density of the printed specimens was calculated with the use of a gas
displacement pycnometry system (Micrometrics AccuPyc II 1340). According to ASTM D3766,
skeletal density is the ratio of the mass of discrete pieces of solid material to the sum of the volumes
of the solid material in the pieces and closed (or blind) pores within the pieces [93]. Therefore, the
skeletal density values do not take into account internal porosity. The mass of the samples was
obtained from a Sartorius CP124S weight balance. After acquiring the mass of the subject sample,
the AccuPyc II 1340 measured the skeletal volume of the part by helium gas displacement and the
volume-pressure relationship of Boyle’s Law (P1V1=P2V2) [94]. A total of ten skeletal volume
measurements were acquired by the pycnometry system and averaged. Finally, the skeletal density
was calculated by dividing mass by the skeletal volume of the subject sample. The theoretical
density of Alloy 625 is 8.44 g/cm3 [84]. Therefore, the percent part skeletal density was calculated
by taking 8.44 g/cm3 as 100% density.
Moreover, internal percent porosity measurements were obtained by taking optical
microscopy images at a cross-section along the build direction of the printed specimens. These
micrographs were then processed in ImageJ software to calculate the percent area of void space
and pore average size.
The porosity observed in the printed speed function test cubes is mostly circular gas
porosity as shown in Appendix D. There are also elongated porosity features along the build
direction, which represent lack of fusion as previously reported in [90] and [95]. The internal
porosity of printed parts is a common defect in metal additive manufacturing, and it can affect
mechanical properties. As discussed in W.J. Sames et al., porosity can be powder feedstock
induced or process-induced.
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In an earlier section of this study, the powder feedstock that was used to print EB-PBF
parts was reported to have spherical gas entrapped porosity within the powder particles as a result
of the gas atomization fabrication process. This gas porosity can be transferred to the as-built parts
[95]. The process-induced porosity can be formed when the applied energy is not sufficient for
complete melting of the powder layers. These lack of fusion pores are usually non-spherical and
vary in size (sub-micron to macroscopic) [95][88]. In the parameter development section of this
report process parameters such as speed function and focus offset were systematically varied to
reduce porosity defects. These results can be observed in Table 6, Table 8, and Appendix D.

3.8 Tensile Testing
Both as-built and heat-treated samples were machined into tensile coupons following
ASTM E8 Standard Test Methods for Tension Testing of Metallic Materials. A monotonic and
uniaxial load was applied to the samples at room temperature (10-38°C). This analysis focuses on
analyzing variation in mechanical properties of as-built and heat-treated samples that have been
printed vertically and horizontally. Unfortunately, heat-treated horizontal samples are not part of
this study. It is important to remember that the tensile mechanical properties come from five
samples of each variant. The properties that were acquired include yield strength (YS) at 2% offset,
ultimate tensile strength (UTS), percent elongation at fracture, and modulus of elasticity (E).

3.9

Hardness Testing
The hardness measurements for the EB-PBF printed samples were taken on a Struers

Duramin-A300. The acquired values were reported in Vickers Hardness (HV). The measurements
were performed on metallographically prepared samples on X-Z, Y-Z planes. The measurements
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consisted of five micro indentations made on each of the mounted surfaces to take an average
value. These micro indentations were performed with a load of 300 gf and a 5 sec. dwell time with
at least 1 millimeter of separation. An average of the five indentations per plane was then
calculated and reported.

3.10 Fracture Surface Characterization
The fracture surface of the printed tensile samples was analyzed post rupture. The tensile
sample variants include heat-treated vertical, as-built vertical, as-built horizontal. Only one end of
every fractured sample variant was observed and reported. The analysis was carried out using a
JEOL JSM-IT500 Scanning Electron Microscope.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Microstructural Analysis
The microstructure observed in EB-PBF Alloy 625 parts along the build direction in the
as-built state is shown in Figure 48. It consists of irregularly sized columnar grains that have
formed parallel to the build direction and contain γ’’ Ni3Nb columnar precipitates as previously
reported in [71][76][6][96][97]. The average grain width of 50 μm layer thickness sample is 105
μm, while the 100 μm layer thickness sample has an average grain width of 119 μm. However,
this difference in grain width did not have a significant effect on microhardness properties as
shown in Table 10.
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Figure 48. Optical microscopy images of 50 μm (top) and 100 μm (bottom) layer thickness EBPBF Alloy 625 as built parts sectioned along the build direction.
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Figure 49. Optical microscopy image of heat-treated Alloy 625 part using 50 μm layer thickness.

Figure 49 shows the heat-treated microstructure of Alloy 625 including stress-relieving,
HIP, and solution heat treatments. The heat treatment performed on the as-built Alloy 625 parts
dissolved the γ’’ columnar precipitates and recrystallized the columnar grains into an equiaxed
NiCr grain structure with annealing twins in both horizontal and vertical planes. The grain structure
on X-Z and Y-Z planes has an average diameter of 138 μm. A similar microstructure has been
reported by Murr et al. in which EB-PBF Alloy 625 parts were Hipped and annealed at 80 % of
the melting temperature for 4 hours. According to Murr et al., the presence of annealing twins is
an indication of equilibrium structures in contrast to the non-equilibrium columnar precipitate
architecture of as-built EB-PBF Alloy 625 [6].
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4.2 Mechanical and Physical Properties
The EB-PBF Alloy 625 parts that were heat treated and tensile tested for analysis in this
project only include 50 μm layer thickness. An additional project is in the pipeline to heat treat and
tensile test 100 μm layer thickness printed samples. At this point, only microhardness
measurements have been carried out for 100 μm layer thickness samples. As shown in Table 10,
the hardness values of the two different layer thicknesses (50 and 100 μm) are not significantly
different. Moreover, there is a slightly lower internal porosity for the 100 μm layer printed sample
of approximately 0.2 % less than the 50 μm layer printed sample. EB-PBF fabrication of Alloy
625 using a higher micron layer thickness can speed up the printing process. From the preliminary
runs, a reduction of 37.83 % in process time was shown.

Table 10. Values for microhardness, skeletal part density, percent porosity of as built parts using
50 and 100 μm layer thickness.
As built
parts

Microhardness Skeletal
(HV)
Density
(g/cm3)
50 μm layer 215 (± 7.2)
8.42
thickness

Relative
Skeletal
Density (%)
99.78

Internal Part
Porosity (%)

100 μm layer 217 (± 8.1)
thickness

99.40

0.30

8.39

0.52

The porosity present in EB-PBF Alloy 625 (shown in Appendix F) is attributed to both the
printing process and the entrapped gas porosity in the as-received gas atomized powder feedstock
as seen in [90]. The HIPing treatment helped close pores. Heat-treated parts exhibited a significant
reduction in internal porosity of 90%, from 0.52 % to 0.05%, when compared to the as-built parts
as stated in Table 11 and shown in Appendix G. The bigger spherical gas pores are still visible.
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However, the small gas pores and small lack of fusion elongated pores observed in the as-built
state are nonexistent. The higher pore size measured for the heat-treated samples in Table 11 is an
indication of the reduction of small pores.

Table 11. Values of skeletal density and internal part porosity of heat treated and built parts
printed using 50 μm layer thickness.
Skeletal
Density (g/cm3)

Relative Skeletal
Density (%)

Internal Part
Porosity (%)

Avg. Pore
Size (μm2)

8.42

99.78

0.52

12.08

Heat treated 8.44

99.99

0.05

18.66

As built

Table 12. Average mechanical properties of heat treated and built parts and their corresponding ±
standard deviation.
Variant

Microhardness
(HV)

Horizontal
As built
(machined)

215
± 7.2
Vertical
Horizontal

Heat
treated
(machined)

192
± 9.2
Vertical

Yield
Strength @
0.2% offset
(ksi / GPa)

Ultimate
Tensile
Strength
(ksi / GPa)

Elongation
at Fracture
(%)

Modulus of
Elasticity
(Msi / GPa)

56 / 0.387
±0.6 / ±0.004

111 / 0.767
±2.6 / ±0.018

42
±7.9

27 / 186
±2.7 / ±0.018

53 / 0.365
±0.7 / ±0.005

103 / 0.710
±1.4 / ±0.010

53
±9.7

23 / 158
±3.1 / ±0.021

-

-

-

-

47 / 0.321
±0.4 / ±0.003

106 / 0.731
±2.2 / ±0.015

69
±10.5

27 / 186
±2.1 / ±0.015

The mechanical properties of as-built and heat-treated Alloy 625 parts, including vertically
and horizontally printed variations are shown in Table 12. This table includes mean values and
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corresponding standard deviation of yield strength, ultimate tensile strength (UTS), elongation,
modulus of elasticity, and microhardness (HV). The values shown in Table 12 are also depicted in
the form of bar graphs in Figure 50 for visual purposes.
In comparison to vertical as-built parts, Hipped and solution treated vertical parts show an
increase in percent elongation and a decrease in yield strength as previously reported by Murr et
al. in [6]. This is indicating that the recrystallized equiaxed microstructure of heat-treated samples
contributed to the increase in percent elongation by ≈20%. Percent elongation represents the
maximum deflection relative to the original length of the tensile sample until the point of fracture
[98]. Therefore, percent elongation is a measure of ductility, and higher percent elongation means
that the material is more ductile. Moreover, γ’’ Ni3Nb precipitates observed in the as-built state
have gone into solution in the heat-treated samples, contributing to a decrease in hardness by ~10%
and yield strength by ≈11% of the vertical parts. Solution treatment in LPBF Alloy 625
recrystallized and showed similar behavior in mechanical properties in Hu et al. [91].
Modulus of elasticity is a measure of stiffness or the part’s resistance to elastic deformation
under tensile loading [99]. In essence, it is the slope of the elastic region of the stress-strain curve.
We observe how vertical as-built samples which have shown a greater elongation have a lower
modulus of elasticity, while the horizontal as-built samples show a higher resistance to plastic
deformation with a value of 186 ± 0.018 (GPa) in modulus of elasticity.
When comparing vertical to horizontal printed parts in the as-built state, it can be observed
that horizontal parts show a higher yield strength by around 5% and a lower elongation by
approximately 24%. The corresponding yield strength and percent elongation values are 0.387 ±
0.004 (GPa) and 42 ± 7.9 (%) for horizontal, and 0.365 ± 0.005 GPa and 53 ± 9.7 (%) for vertical.
A higher tensile strength was observed on horizontally printed parts compared to the vertically
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printed parts because tensile stress is applied parallel to the deposited layers, while the stress in
the vertically printed parts is applied perpendicular to the layer orientation. This behavior is also
observed in [100]. Tensile testing parts in the direction perpendicular to the columnar
microstructural array of EB-PBF Alloy 625 resulted in an increase in tensile strength. This proves
the presence of anisotropic mechanical properties in the as-built due to the columnar
microstructure as discussed in [98].
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Figure 50. Average tensile mechanical properties of heat treated and built parts with their
standard
deviation.
The main effects plots in Figurecorresponding
51 and Figure± 52
show the
impact of the perfomed hea
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The means of yield strength and elongation in relation to part condition (as-built, heattreated) and build orientation (vertical, horizontal), described in the paragraphs above, are graphed
in the form of main effects plots, see Figure 51 and Figure 52. Both orientation and heat treatment
had a main effect on yield strength and elongation of Alloy 625 parts because the line connecting
the means is not horizontal. It can be observed how horizontal printed parts had higher yield
strength, but lower elongation than vertical parts. Also, heat-treated parts had lower yield strength,
but higher elongation than vertical parts as previously discussed.
The EB-PBF as-built parts in this study show similar mechanical properties to those
reported in [6][71] and shown in Appendix B and C. In addition, the mechanical properties of EBPBF Alloy 625 printed in this study have demonstrated to meet and exceed minimum values for
UTS, % elongation, and YS that are required by the ASTM standard F3056-14 Standard
Specification for Additive Manufacturing Nickel Alloy (UNS N06625) with Powder Bed Fusion
[66].

Figure 51. Main effects plot for the means of yield stregth observed in heat tretated (HT) and as
built (AB) parts printed horizontally (H) and vertically (V).
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Figure 52. Main effects plot for the means of elongation observed in heat tretated (HT) and as
built (AB) parts printed horizontally (H) and vertically (V).
4.3 Tensile Fracture Surface Analysis
Figure 53 shows the fracture surface of as-built vertical, heat-treated vertical, and as-built
horizontal samples in low and high magnification. The average dimple size was measured to be
1.47, 1.30, 1.31 μm respectively. All the samples showed similarly sized dimples on their fracture
surface resulting from micro void coalescence, which is indicative of ductile fracture behavior
[101]. Similar fracture surfaces are observed in as-built and Hipped EB-PBF Alloy 625 parts
[6][98].
Connected dimples are present in the vertical as-built sample, while these arrays are not
present in the vertical heat-treated sample. These arrays could be caused due to the higher porosity
observed in the as-built state (0.52 %) than in the heat-treated state (0.05 %), which also led to
lower elongation values in the as-built state.
The crack-like voids observed in the as-built horizontal sample are due to the separation of
layers during the tensile test. These crack-like voids are parallel to the deposited layers. The
separation of layers is due to incomplete melting during the printing process leading to lack of
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fusion pores mentioned in the Density and Porosity section of this study. Similar crack-like voids
are observed in horizontally printed EB-PBF tensile samples in Pasang et al [101]. Different
features on the fracture surfaces of vertical and horizontal as-built specimens state were expected
due to the resultant anisotropic mechanical properties. It was observed that horizontal parts show
a higher yield strength by around 5 % and a lower elongation by approximately 24 %.

a

b

c

d
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e

f

Figure 53. Scanning electron microscopy (SEM) images of fracture surfaces. (a) and (b) are low
and high magnification of an as built vertical sample. (c) and (d) are low and high magnification
of a heat-treated vertical sample. (e) and (f) are low and high magnification of an as built
horizontal sample.
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CHAPTER 5: CONCLUSIONS

Printing parameters were developed by varying speed function and focus offset and
observing top surface finish, skeletal density, and internal porosity. The volumetric energy density
(Ev) resultant from the final parameters is 68.9 J/mm3. The microstructure observed in EB-PBF
Alloy 625 parts along the build direction in the as-built state consists of irregularly sized columnar
grains averaging 105 μm in width that have formed parallel to the build direction and contain γ’’
Ni3Nb columnar precipitates.
The full heat treatment including stress-relieving as per ASTM F3056-14E1, hot isostatic
pressing as per ASTM 3301-18a, and solution treatment per AMS 7000 resulted in parts with a
relative skeletal density of 99.99%. Also, there was a major reduction in internal porosity of
approximately 90%, from 0.52 % to 0.05%, when compared to the as-built parts. Moreover, the
heat treatment dissolved the γ’’ columnar precipitates and recrystallized the columnar grains to in
an equiaxed NiCr grain structure with annealing twins in both horizontal and vertical planes
averaging a diameter of 138 μm. The recrystallized equiaxed microstructure of heat-treated
samples contributed to the increase in percent elongation by ≈20% resulting in 69% elongation at
fracture.
Moreover, γ’’ Ni3Nb precipitates observed in the as-built state have gone into solution in
the heat-treated samples, contributing to a decrease in hardness by ≈10% and yield strength by
≈11% of the vertical tensile samples, resulting in and 192 HV and 0.321 GPa. In addition, a higher
resistance to plastic deformation caused by an elastic modulus of 158 GPa, and higher yield
strength of 0.387 GPa were observed on horizontally printed parts compared to the vertically
printed parts, which produced a yield strength of 0.365 GPa. This was attributed to the processinduced columnar microstructure and the tensile stress being applied parallel to the deposited
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layers, while the stress in the vertically printed parts is applied perpendicular to the layer
orientation.
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APPENDIX

A. Comparative Precipitation for EB-PBF and L-PBF processed Alloy 625 acquired from [71].

B. Mechanical properties of EB-PBF and wrought Alloy 625 acquired from [6].
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C. Mechanical Properties for EB-PBF and L-PBF Alloy 625 acquired from [71].

D. Representative optical microscopy images of internal porosity of speed function variants (IVII) taken at a cross section along the build direction. The arrow above the micron bar
represents the build direction at 50x magnification.
I

II
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III

IV

V

VI

VII
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E. Lack of fusion porosity observed in high speed function sample (SF VII) at 50x
magnification.
VII

F. As polished micrographs of 50 μm (left) and 100 μm (right) layer thickness EB-PBF Alloy
625 parts sectioned along the build direction at 50x magnification.
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G. As polished micrographs of as built (left) and heat treated (right) EB-PBF Alloy 625 parts
sectioned along the build direction at 50x magnification.
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